Joint reliability and microstructure for Sn-3.5Ag soldering on an electroless Ni-P/Au surface finish were investigated, using the flux bearing Zn(II) stearate. The content of the zinc compound in the flux varied from 0 mass% to 50 mass%. The results of both shock and pull strength tests for as-reflowed solder joints showed that Zn-bearing fluxes gave higher joint strength than did flux without Zn compound. Additionally, the use of flux containing 50 mass% of Zn(II) stearate provided the smallest reduction rate in pull strength in regard to aging treatment at 150 C for 1000 h. According to the microstructure of the aged joints, both an interfacial intermetallic layer and a P-rich layer of the joint obtained by the use of the flux without Zn(II) stearate became thick with prolonged aging. On the other hand, a slow growth of the interfacial reaction layer was observed for the joint with Zn(II) stearate in flux during annealing. It is presumed that the formation of the interfacial intermetallic compound with Zn at reflow works effectively in suppressing the diffusion of Ni into the solder matrix during subsequent aging, and this can maintain a relatively high joint strength for those joints with Zn(II) stearate in flux. After damp heat treatment with 85 C/85% RH up to 500 h, no sign of corrosion was observed in either joint. Moreover, there was no significant change of the microstructure, nor of the pull strength, with or without Zn(II) stearate in flux.
Introduction
In response to the continuous market demands for high performance and miniaturization of electronics, Chip Scale Packages (CSPs) have been widely adopted in a variety of appliances. Recently, advanced electronic packages such as System in Package (SiP) and Package on Package (PoP) have been introduced to achieve high functionality. Generally, these packages utilize the flip chip interconnection technology, in which solder is a typical bonding material between pads. However, higher I/O density of those package substrates leads to size reduction of pads, and thus great attention has to be paid to the reliability of such micro solder joints during their manufacture.
Generally, it is known that the interfacial reaction layer between solder and surface finish has a substantial impact on the joint strength. Regarding pad material, an electroless Ni-P/Au plating (ENIG) is one of the typical under bump metallurgies (UBMs) of package substrates due to its advantageous features, such as the barrier function of Ni toward dissolution of Cu and excellent fine-pitch capability. However, it is also reported that soldering on an ENIG surface finish often results in fragile joints. [1] [2] [3] [4] [5] [6] [7] [8] [9] One of the plausible reasons for this joint degradation is related to the formation of a P-rich layer at the interface, which is induced by Ni diffusion into the molten solder during heating. Therefore, when soldering on an ENIG, the suppression of Ni dissolution or diffusion is believed to be effective in improving joint strength.
Consequently, to find out a useful method of controlling the interfacial reaction between an ENIG surface finish and solders, studies on both UBM and solder alloy compositions have been extensively performed over the past several years. As a promising approach in UBM technology, it was reported that an additional sacrificial Cu layer on a Ni-P plating did work effectively to inhibit the excess diffusion of Ni into molten solder. 10, 11) The thickness of a Au layer on a Ni-P plating also affects the formation of a P-rich layer in a Sn-AgCu soldering system, where a P-rich layer was not observed at the joint interface when the Au layer was less than 50 nm in thickness. 12) Compositional studies of Pb-free solder alloys, which attracted much attention due to environmental concerns about Sn-Pb solder, were also performed to control an interfacial reaction. For example, compared to Sn-3.5Ag soldering, the lower consumption of a Ni-P plating layer was observed for Cu-bearing soldering systems such as Sn-4.0Ag-0.5Cu and Sn-0.7Cu. 13) The initial formation of (Cu,Ni) 6 Sn 5 in the reaction layer was assumed to depress Ni dissolution. It is also reported that the amount of Cu in a solder alloy influenced the morphology of the interfacial IMC layer, and the formation of Cu-Ni-Sn IMCs with less Ni was observed at the joint interface when a higher level of Cu was contained in solder.
14,15) Kim et al. investigated the effect of minor Co addition in Sn-3.5Ag solder on an interfacial reaction with Ni-P UBM, and observed that the morphology of the interfacial IMC changed from the bulky Ni 3 Sn 4 to plate-like Sn-Ni-Co ternary compounds when the amount of Co was more than 0.05 mass%. 16) Kang et al. reported that the addition of Zn to Sn-Ag-Cu solder somewhat reduced the growth of intermetallic compounds for multiple reflow cycles. 17) However, from a practical standpoint, these techniques focusing on UBM or the compositions of solder alloys seem to be not always optimum solutions to the joint reliability issue because they may require the complicated manufacturing process of substrates or involve the limitation of available solder compositions.
The present authors previously have proposed the use of Cu(II) stearate bearing flux as a convenient method to enhance solder joint reliability. [18] [19] [20] In this case, it is unnecessary to make either a complex structured UBM layer or a compositionally modified solder ball. In the previous study of Pb-free soldering system using Cu-bearing flux, the observation of the interfacial microstructure indicated that Cu supplied from the flux worked as a barrier toward Ni diffusion at the interface to decrease the growth of a P-rich layer, and hence the joint reliability was significantly improved. Moreover, quite recently the authors confirmed that flux bearing Zn(II) stearate could demonstrate a similar barrier effect on the interfacial reaction between Sn-3.5Ag solder and an electroless Ni-P/Au surface finish. Qualitative analyses revealed the formation of both a Ni-Zn-Sn intermetallic layer and a thin P-rich layer at the interface when using Zn-bearing fluxes. The investigation of the initial joint interface obtained by the use of Zn-bearing flux also implied that Zn was involved in the interfacial reaction layer during reflow. Therefore, it was presumed that the supply of Zn from flux affected the morphology of the intermetallic compounds at an early stage of the solder jointing, and this might contribute to depressing the growth of a P-rich layer during soldering. As a result, it can be mentioned that the use of a Zn-bearing flux potentially has become an effective method to increase the joint reliability for soldering on an electroless Ni-P/Au pad.
In the present study, the authors have investigated the effect of the flux containing Zn(II) stearate on the strengths of joints between Sn-3.5Ag solder and an electroless Ni-P/Au pad. In addition to this, to verify the influence of further heat treatment on the solder joint reliability, both joint strength and microstructural observation of the soldered joints, exposed to an isothermal aging treatment at 150 C up to 1000 h, or to a heat damp treatment with 85 C/85% RH for 500 h, were evaluated.
Experimental Procedure
The composition of solder balls used in this experiment was Sn-3.5Ag (mass%), with a diameter of 0.6 mm. The substrates used had a 250 area-arrayed pad of 0.5 mm in diameter. The pads were formed with an electroless Ni-6 mass%P/Au plating layer on an underlying Cu land, and the thicknesses of the Ni-6 mass%P and Au layers were 5 mm and 50 nm, respectively. The fluxes studied were a baseline flux without Zn compounds, designated as Z-0, and two types of zinc(II) stearate bearing fluxes, designated as Z-20 and Z-50. The amount of the Zn compound in those fluxes were 20 and 50 mass%, respectively. The constituents of each flux are listed in Table 1 . The procedure of the solder ball-assembled vehicle was as follows: The substrate was subjected to heat treatment two times in a N 2 reflow machine with a peak temperature of 255 C. Then the flux was printed on a substrate with a thickness of 100 mm. After setting ten solder balls on the flux printed substrate, the coupon was heated in a N 2 reflow furnace at a peak temperature of 255 C. After reflow treatment, residual flux was removed by washing in isopropyl alcohol. For further studies of interfacial microstructures, some of the jointed samples were subjected to additional heat treatment. Aging test was performed at 150 C up to 1000 h, and some other specimens were also kept in a temperature and humidity chamber maintained at 85 C/85% RH up to 500 h.
To determine the shock strength of the solder joints, Microimpact Tester (Yonekura, Microimpact) was used to measure the maximum impact breaking force. Microimpact test was performed at a pendulum weight of 100 g and an impact speed of 1000 mm/s. Fracture surfaces of test vehicles obtained in the microimpact study were examined by using an optical microscope (KEYENCE, Digital MicroscopeVHX-200). The joint pull strength of soldered balls was evaluated by means of a heat bump pull (HBP) tester (Dage, Dage Series 4000P). The pull speed was 300 mm/s for each HBP test.
To gain information regarding intermetallic compounds at the joint interface, the solder ball jointed sample was first molded in epoxy resin. Then the molded coupon was ground and polished with 2000 grit emery paper and 0.04 mm alumina powders, and finally etched slightly by 3% hydrochloric acid, 5% nitric acid and 92% ethanol solution for 10 s. The interfacial intermetallic compounds were observed by scanning electron microscopy (SEM). The chemical compositions of the interfacial reaction layer were analyzed by energy-dispersive X-ray (EDX) and electron-probe microanalysis (EPMA).
Results and Discussion

Joint strength of as-reflowed joint samples
As shown in Fig. 1 , the results of shock strength test for the as-reflowed Sn-3.5Ag/ENIG joints formed by the use of three different kinds of fluxes, Z-0, Z-20 and Z-50, are summarized in the Weibull plots. Table 2 lists the strengths to 10% cumulative failure [S(10%)] and the Weibull distribution shape parameters (). Both Z-20 and Z-50 joints showed higher strengths to 10% cumulative failure than Z-0 joint. Therefore, in terms of the joint strength to shear load, it can be inferred that Zn-bearing fluxes gave more reliable joint than Z-0 flux. Additionally, the different tendency in fracture modes in microimpact test was observed using an optical microscope. Figure 2 shows the typical fracture surfaces of each condition, and it is noteworthy that the residual solder occupancy on a pad became larger as the amount of Zn compound in a flux increased. This trend can be also supported by the occupancy rate (), which is defined as the ratio of the superficial area of residual solder relative to that of the pad. The occupancy rates () for each flux are listed in Table 3 , in which the value of increased as the concentration of the Zn compound in a flux became higher. This result also implied the effect of Zn addition to form the strong joint interface between solder and pad. Figure 3 shows the Weibull plots given by pull strength tests of the as-reflowed joints obtained by the use of Z-0, Z-20 and Z-50. As is similar to the tendency seen in microimpact test, Zn-bearing fluxes exhibited significant increase in joint strength, as compared with Z-0 flux. The strengths to 10% cumulative failure [S(10%)] were 8.9 N, 12.3 N and 14.7 N for Z-0, Z-20 and Z-50 joints, respectively (Table 4) . Nakahara et al. previously reported that the joint strength of as-reflowed interfaces between solders of the Sn-Ag family, such as Sn-3.5Ag and Sn-3.5Ag-8In, and a Ni-P plating increased by the addition of Zn into solder alloy. 21) Observation of the fractured surfaces after bump pull strength tests was also carried out. The failure modes are classified in accordance with the definition depicted in Fig. 4 . The frequencies of the various failure modes for each joint are summarized in Fig. 5 . Generally, a strong joint interface leads to a higher frequency of pad or ball failure modes. The major fractured mode of the Z-0 joint was joint interface failure, whereas the rates of pad failure mode in both Z-20 and Z-50 jointed samples were about 70%. Therefore, Znbearing fluxes (Z-20 and Z-50) yielded the stronger joint interfaces than Z-0 flux. Base on the results of joint strength tests, it can be mentioned that the addition of the Zn compound in a flux improves the joint strength for not only horizontal but also vertical loads.
Analyses of the interfacial microstructures of the asreflowed Sn-3.5Ag/ENIG joints formed by the use of Z-0, Z-20 and Z-50 fluxes were carried out. Qualitative analyses of the Z-20 and Z-50 joint interfaces revealed the formation of the Ni-Zn-Sn interfacial intermetallic compound. The existence of Zn in the interfacial IMC layer implies the participation of Zn in the interfacial reaction during soldering. The formation of a thin P-rich layer was also observed when using Zn-bearing fluxes. Therefore, it was assumed that the intervention of Zn in the interfacial reaction layer Table 3 Occupancy rates () defined as the ratio of the superficial area of residual solder relative to that of the land (%). (c) Fig. 3 Weibull plots of the pull strengths of Sn-3.5Ag solder joints. 
contributed to suppressing the dissolution of Ni into the solder matrix. Generally, the formation of a P-rich layer at the interface has a negative effect on the joint strength because it has a coarser structure and results in the generation of Kirkendall voids. [5] [6] [7] [8] 22) Consequently, the improvement in the joint strength observed in the case of Z-20 and Z-50 soldering systems would be mainly attributed to the formation of a thin P-rich layer at the joint interface.
Joint strength of aged joint samples
To further investigate the property of Zn-bearing flux, the authors evaluated the pull strength of the soldered joints which were subjected to an aging treatment at 150 C for 500 h and 1000 h. Figure 6 shows the pull strengths for each flux with various aging times including the as-reflowed condition. Regardless of the flux type, deterioration in the pull strength during an initial aging period of 500 h was observed for all fluxes, and the reduction rates of the mean pull strength for each case were 16% (Z-0 flux), 14% (Z-20 flux) and 12% (Z-50 flux). Furthermore, in the case of Z-0 flux, the joint strength tended to continuously decrease with subsequent aging treatment, and the average pull strength of 1000 h aged sample decreased by 29%, as compared to that of the as-reflowed joint. The Z-20 joint aged for 1000 h also exhibited a gradual decrease in strength, and the final declining rate of the mean value was 20%, which was smaller than that of the Z-0 joint. In contrast, the mean pull strength of the Z-50 joint did not change with further aging up to 1000 h. In this case, the final average strength was approximately 16 N, which corresponds to only 13% reduction as compared to the initial strength. These results indicate that the use of a Zn-bearing flux has an advantage in suppressing the deterioration of the joint strength during high temperature aging treatment. In the previous study of Sn-3.5Ag and Sn-3.5Ag-8In soldering on a Ni-P layer, it was also reported that the addition of Zn into the solder apparently suppressed the rate of loss of strength of the aged joints. 21) To verify the effect of Zn on the joint strength, observational study of the fracture modes in pull strength test for the aged samples was also conducted. Figure 7 shows the classification of the failure modes for each aging time. Similar to the as-reflowed joints, a relatively high frequency of joint interface failure was obtained for the aged Z-0 joints, while Z-50 flux tended to maintain pad failure as a major fracture mode even after 1000 h of aging treatment. Consequently, it can be mentioned that the use of a Zn-bearing flux would have a significant effect in forming a reliable solder joint in regard to isothermal aging treatment.
Interfacial microstructure of aged joint samples
To understand the influence of the aging treatment on the interfacial microstructure between Sn-3.5Ag solder and an electroless Ni-P/Au plating with the new flux, cross-sectional observation of the joint interfaces aged at 150 C up to 1000 h was carried out. Figure 8 shows the SEM images of 
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pad failure ball failure bond failure The dark or blackish bands along the interface in the SEM images correspond to P-rich layers, and its thickness seems to decrease as the amount of Zn in a flux increases at each aging period. Figure 9 depicts both distribution of the thickness of the P-rich layer and its mean thickness after annealing at 150 C for 1000 h. Regarding the as-reflowed joint interface between Sn-3.5Ag solder and an ENIG surface finish, the mean thicknesses of the P-rich layer at those joint interfaces were 535 nm (Z-0), 243 nm (Z-20) and 114 nm (Z-50). This measurement permitted calculation of an increased range in the mean thickness of a P-rich layer during 1000 h of aging at 150 C, and the respective values were 351 nm (Z-0), 286 nm (Z-20) and 122 nm (Z-50). The result implies that the diffusion of Ni at the Z-50 joint interface was remarkably suppressed during aging treatment. The previous work of Sn-3.5Ag-xZn (x ¼ 0 or 1) soldering on a Ni-P plating reported that Sn-3.5Ag-1Zn showed less growth of a P-rich layer during annealing. 21) Besides, it was also noted that a higher amount of Zn in Sn-3.5Ag-8In-xZn (x ¼ 0{1) was advantageous in inhibiting the growth of a P-rich layer during isothermal aging treatment. These results are consistent with a trend observed in the present study. Namely, Z-50 flux, which includes the highest amount of Zn compound, gave the smallest growth range in the mean thickness of a P-rich layer during aging treatment.
The concentration of the Zn compound in a flux affected the growth of the interfacial IMCs between Sn-3.5Ag solder and an electroless Ni-P/Au plating. Regarding as-reflowed joint samples, Z-50 flux containing a high concentration of Zn yielded numerous small interfacial IMCs identified as NiZn-Sn. This result was attributed to less Ni dissolution by Zn barrier effect, which leaded to form a relatively thin smooth IMC layer. Then, to collect compositional information about the interfacial reaction layers of the aged specimens, qualitative analyses were conducted. As shown in Fig. 10 and Table 5 , the existence of Zn in the interfacial reaction layer was identified for both Z-20 and Z-50 joints which were aged at 150 C for 1000 h. Additionally, the content of Ni in the IMC layer of Z-50 joint was lower than that of Z-20. This trend implies that the interfacial reaction layer of Z-50 joint, which included a higher level of Zn in the IMC layer at an asreflowed stage, continued to effectively suppress the diffusion of Ni into the solder matrix during 1000 h of aging at 150 C. Consequently, the growth of IMCs at Z-50 joint interface was comparatively small during aging, and thus its joint interface had a relatively thin smooth IMC layer. Regarding Sn-3.5Ag-1Zn or Sn-3.5Ag-8In-xZn (x ¼ 0{1) soldering on a Ni-P plating, the slow growth of the interfacial reaction layer during aging was previously reported. 21) Finally, it is assumed that both a thin P-rich layer and a thin IMC layer of Z-50 joint helped to give less deterioration in joint strength during isothermal aging treatment.
3.4 Joint strength and interfacial microstructure of damp heated joint samples To evaluate the influence of humidity on the soldered joints for both Z-0 and Z-50 soldering systems, damp heat test was conducted under 85 C/85% RH up to 500 h condition. One of the concerns for Zn addition to solders is the degradation in high humidity at elevated temperature. 23) Thus Zn in flux may have some effect on the reliability. However, no sign of corrosion was observed in either damp heated specimen. The cross-sectional SEM images of each joint interface are shown in Fig. 11 . These results indicate that damp heat treatment did not have much impact on the microstructures for both Z-0 and Z-50 joints. In other words, as seen in the as-reflowed joints compared to the bulky interfacial intermetallic compound of the Z-0 interface, the interfacial reaction layer of the Z-50 joint had less thickness. Figure 12 shows the Weibull plots obtained by pull strength tests of each jointed sample treated with 85 C/85% RH for 500 h. Z-50 flux gave a higher strength to 10% cumulative failure [S(10%)] than that of Z-0 flux, and this may be attributed to the formation of both a thin P-rich layer and refined intermetallic compounds at the Z-50 joint interface. Consequently, it can be stated that the use of a Zn-bearing flux for Sn-3.5Ag soldering on an ENIG surface finish maintains a strong solder joint without corrosion under a humid condition.
Conclusions
To address the joint reliability problem in Sn-Ag soldering on an electroless Ni-P/Au surface finish, the authors studied the effect of flux bearing Zn(II) stearate on the joint strength. Moreover, the influence of aging treatment as well as damp heat treatment on both the joint reliability and the morphologies of the interfacial microstructure were investigated. The results obtained in this study are summarized as follows: (1) According to Weibull plot analyses of both shock and pull strength tests for the as-reflowed joints, Zn-bearing fluxes, Z-20 and Z-50, gave higher strengths to 10% cumulative failure [S(10%)] than Z-0 flux without the Zn compound. 
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(1) Z-0 flux (2) Z-20 flux (3) Z-50 flux (2) Regardless of the type of flux used, the pull strength of soldered joints tended to decrease after an aging treatment at 150 C up to 1000 h, but the smallest reduction rate of the mean pull strength was obtained when using Z-50 flux. (3) Cross-sectional observation of the aged joint interfaces revealed that a thickness of the P-rich layer of Z-0 joint significantly increased with prolonged aging up to 1000 h. On the other hand, the growth of P-rich layers at both Z-20 and Z-50 interfaces were relatively slow, and Z-50 flux in particular demonstrated the smallest increased range in its mean thickness after 1000 h of aging at 150 C. (4) Qualitative analyses of the interfacial intermetallic layers after annealing for 1000 h showed that the IMC layer of aged Z-0 joint interface was mainly composed of Ni and Sn. In contrast, it was indicated that the interfacial IMC layers of both aged Z-20 and Z-50 joints contained Zn with Ni and Sn. Additionally, the growth of the IMC layer at Z-50 joint interface was significantly slow during aging treatment. (5) The smallest growth of both a P-rich layer and an IMC layer, which was observed for Z-50 joint interface during aging treatment, was attributed to the formation of intermetallic compounds including a higher level of Zn at the asreflowed stage, and this would contribute to less reduction in the joint strength, as mentioned above. (6) Regarding damp heat test of 85 C/85% RH for 500 h, no signs of corrosion were observed for either Z-0 or Z-50 joints. Additionally, damp heat treatment did not have any significant influence on the microstructure, so that Z-50 flux gave a higher strength to 10% cumulative failure [S(10%)] in pull strength test.
The enhancement in reliability of micro solder joints is one of the key criteria in the current electronic industry. The trend in increasing the number of small electronic packages installed in a vehicle has also required more reliable joints even in the most severe circumstances. To meet these demands, judging from not only the Zn barrier function toward Ni diffusion but also the feasibility in practical use, the application of a Zn-bearing flux to soldering on an ENIG surface finish is expected to be a useful method that is effective in ensuring a reliable solder joint. Fig. 12 Weibull plots of the pull strengths of the solder joints treated with 85 C/85% RH for 500 h.
